Nesfatin-1 is an anorexigen in goldfish. In the present study, we provide novel data indicating the presence and regulatory effects of nesfatin-1 on the hypothalamo-pituitary-ovarian (HPO) axis of goldfish. Nucleobindin-2 (NUCB2)/nesfatin-1-like immunoreactive (ir) cells are present in the hypothalamus and in the pituitary, suggesting a hypophysiotropic role for nesfatin-1. NUCB2/ nesfatin-1-like ir cells colocalize gonadotropin-releasing hormone (GnRH) in the nucleus lateralis tuberis posterioris and the nucleus anterior tuberis of the goldfish hypothalamus. The presence of nesfatin-1 with GnRH in these two nuclei implicated in pituitary hormone release suggests a role for nesfatin-1 on gonadotropin secretion. A single i.p. injection of synthetic goldfish nesfatin-1 (50 ng/g body wt) resulted in an acute decrease (;75% %) in the expression of hypothalamic chicken GnRH-II and salmon GnRH mRNAs at 15 min postinjection in goldfish. Meanwhile, pituitary luteinizing hormone (LH) beta and follicle-stimulating hormone beta mRNAs were also inhibited (;80% %), but only at 60 min postinjection. Nesfatin-1 administration also resulted in a significant reduction (;60% %) in serum LH levels at 60 min postadministration. Nesfatin-1-like immunoreactivity was also found in the follicle cells, but not the oocytes, in zebrafish and goldfish ovaries. Incubation of zebrafish follicles with nesfatin-1 resulted in a significant reduction in basal germinal vesicle breakdown (;50% %) during the oocyte maturation. In addition, nesfatin-1 also attenuated the stimulatory effects of maturation-inducing hormone on germinal vesicle breakdown. Together, the current results indicate that nesfatin-1 is a metabolic hormone with an inhibitory tone on fish reproduction. Nesfatin-1 appears to elicit this suppressive effect through actions on all three tissues in the fish HPO axis.
INTRODUCTION
The neuroendocrine regulation of energy balance and reproduction are tightly interlinked. Feeding and metabolism are mainly regulated by the brain, whereas reproduction is achieved by the coordinated actions of the hypothalamopituitary-gonadal (HPG) axis. This axis has a capacity to respond to metabolic cues from energy stores. For example, in several species a negative energy balance due to undernutrition or excessive energy demands has been shown to suppress reproduction [1] . In all vertebrates, including fish, the anterior pituitary cell functions are each under the integrated control of a number of hypothalamic neuroendocrine factors. The anterior lobe of the pituitary has specialized groups of cells called gonadotrophs that produce luteinizing hormone (LH) and follicle-stimulating hormone (FSH) [2] . LH is a critical regulator of seasonal gonadal growth, sex steroid production, sperm production in males, and ovulation in females during spawning. In fish, LH is directly regulated by the stimulatory and inhibitory actions of multiple variants of gonadotropinreleasing hormone (GnRH) and dopamine, respectively [3, 4] . Metabolic hormones, such as neuropeptide Y [5, 6] , cholecystokinin [7] , pituitary adenylate cyclase-activating polypeptide [8] , leptin [9] , and ghrelin [10] , have all been shown to alter LH secretion in teleost fish. Together, multiple brain-and pituitaryderived factors act and interact to regulate the physiology of reproduction and metabolism. Due to the identification of new bioactive molecules from the genome, several peptidergic signals are emerging as modulators of both metabolism and reproduction.
One such protein is nesfatin-1, a novel, 82-amino-acid metabolic hormone processed from the amino terminal of nucleobindin-2 (NUCB2) [11] . NUCB2/nesfatin-1 is distributed within the hypothalamus and other regions of the brain involved in the regulation of various physiological processes, including feeding, locomotion, stress modulation, thermogenesis, and reproduction [12] [13] [14] . In the mammalian brain, NUCB2/nesfatin-1 is expressed in the hypothalamic paraventricular nucleus, arcuate nucleus, lateral hypothalamus, and supraoptic nucleus; it is also expressed in the zona incerta of rodents [15] . Furthermore, nesfatin-1-like immunoreactive (ir) cells have been described in the brain stem regions of the nucleus of the solitary tract, Edinger-Westphal nucleus, dorsal motor of the nucleus of vagus, and caudal raphe nuclei of rats [15] [16] , as well as in the pituitary [17] . To date, multiple studies have demonstrated the regulatory role of nesfatin-1 on energy homeostasis in mammals [11, [18] [19] [20] [21] [22] [23] [24] . The results available thus far establish nesfatin-1 as a metabolic hormone. The presence of nesfatin-1/NUCB2 in the hypothalamus and pituitary suggests a potential regulatory role for nesfatin-1 in hypophyseal hormone secretion. It also suggests a modulatory role for nesfatin-1 in physiological processes influenced by the pituitary hormones.
A recent study by García-Galiano et al. [25] showed that NUCB2 mRNA and protein levels increase in the hypothalamus during the pubertal transition of female rats. In addition, intracerebroventricular injections of nesfatin-1 induced significant elevations in circulating LH levels, which peaked at 15 min postinjection, an effect that was augmented after a 48-h fast [25] . Furthermore, central injections of anti-NUCB2 morpholino oligonucleotides reduced circulating LH levels in pubertal female rats [25] . NUCB2 mRNA expression has been detected in the testes of humans, rats, and mice as well as in the rat ovary [25] . We have previously reported the metabolic effects of nesfatin-1 in goldfish (Carassius auratus) [26] . Similar to mammals, abundant NUCB2 mRNA expression and protein content has been demonstrated in the goldfish hypothalamus as well as other central nervous system regions [26] . NUCB2/nesfatin-1-like ir cell bodies are present within the feeding regulatory center of the goldfish hypothalamus. Interestingly, the neurons immunopositive for nesfatin-1 are known to innervate the goldfish pituitary [27, 28] , suggesting roles for nesfatin-1 in the regulation of pituitary hormones, including LH. The relative abundance of NUCB2 mRNA expression observed in the goldfish pituitary is also suggestive of a role for nesfatin-1 in the hypophyseal hormone secretion.
In the present study, which to our knowledge is the first of its kind using nonmammalian models, we elucidated the effects of nesfatin-1 on the hypothalamo-pituitary-ovarian (HPO) axis of fish. We predicted that nesfatin-1 is present in the HPO axis and influences the reproductive physiology of fish by modulating the brain, pituitary, and ovary. Fluorescence immunohistochemical techniques were used to characterize NUCB2/nesfatin-1-like immunoreactivity in the goldfish pituitary and ovary and in the zebrafish (Danio rerio) ovary and to study the potential colocalization of nesfatin-1 with GnRH in the hypothalamus. The effects of in vivo i.p. injections of synthetic goldfish nesfatin-1 on brain GnRH mRNA expression, pituitary LH and FSH mRNA expression, and serum LH levels were tested. Furthermore, the direct effects of nesfatin-1 on germinal vesicle breakdown in zebrafish ovaries were studied. Our results indicate a suppressive role for nesfatin-1 on the fish HPO axis.
MATERIALS AND METHODS

Animals
Adult goldfish (common variety; wt, ;35 g; length, 4-5 inches) were purchased from Aleong's International, Inc., and acclimated for 8 wk under a 14L:10D photoperiod in aerated, flow-through tanks at 208C. All fish were given 4% body weight commercial pellet diet (Martin Profishent) ration once every day at a specified time. For all studies, sexually regressed goldfish were anesthetized in 0.015% tricaine methanesulfonate (Syndel Laboratories), then euthanized by spinal transection, and tissues were rapidly frozen in liquid nitrogen before total RNA extraction. Adult zebrafish (wt, ;4 g; length, 1.5 inches) were purchased from the local supplier (Fish and Bird Emporium) and maintained in an AHAB System (Aquatic Habitats) at 288C. The fish were kept at a tropical photoperiod of 14L:10D in filtered and aerated tanks. Zebrafish were fed twice daily (1000 and 1700 h) with 3% body weight ration of Nutrafin staple food (Rolf C. Hagen, Inc.). Zebrafish were anesthetized as described above and then decapitated, after which ovaries were removed for oocyte collection as described in the following section on oocyte maturation.
Ethics
All experiments using fish were carried out according to the Guide to the Care and Use of Experimental Animals published by the Canadian Council on Animal Care, and approvals were obtained from the York University Animal Care Committee (Protocol 2011-30R2).
Methods
Fluorescence immunocolocalization of GnRH and NUCB2/nesfatin-1-like immunoreactivity. Goldfish (n ¼ 6) brain tissue was dissected, washed in saline, and immediately transferred to 4% paraformaldehyde for a 3-h incubation period (48C). After fixation, tissues were washed in several changes of 70% ethanol, embedded in paraffin, and sectioned sagitally (thickness, 5 lm) by the Histology Core Facility at the Centre for Modeling Human Disease (Toronto, Canada). Sections were then deparaffinized in 100% xylene (twice for 10 min each time at room temperature) and rehydrated in a graded ethanol series. Protein Block, Serum-Free reagent (Dako) was used to block the section for 10 min. Sections were incubated in human anti-nesfatin-1 primary polyclonal antibody (raised in rabbit, 1:500 dilution; Phoenix Pharmaceuticals) and in human anti-GnRH primary monoclonal antibody (raised in mouse, 1:1000 dilution; Abcam) for 18 h at room temperature. After incubation, slides were washed with 13 PBS (three times for 10 min each time at room temperature) and incubated with anti-rabbit Texas Red immunoglobulin (Ig) G (raised in goat, 1:100 dilution; Vector Laboratories) secondary antibody and anti-mouse fluorescein isothiocyanate IgG (raised in goat, 1:200 dilution; Vector Laboratories) secondary antibody for 1 h at room temperature. Lastly, slides were washed with 13 PBS (three times for 10 min each time, room temperature) and mounted with Vectashield mounting medium containing DAPI (4 0 ,6-diamidino-2-phenylindole; blue nuclear stain; Vector Laboratories). Negative controls were not incubated with primary antibody and were only treated with secondary antibody.
All images were taken using a Nikon Eclipse Ti-inverted fluorescence microscope (Nikon Canada) connected to a Dell HP Workstation computer and NIS-elements basic research imaging software (Nikon Canada). Representative images were chosen from a large number of sections taken from all six fish. The goldfish brain atlas was used to determine anatomical localization and terminology [27] .
The preabsorption control for the nesfatin-1 primary antibody used here has been validated previously in goldfish [29] . Negative-control (preabsorption controls) goldfish brain sections were incubated with anti-nesfatin-1 and antiGnRH antibodies and the respective peptides. Briefly, 6 ml of rabbit anti-rat nesfatin-1 primary antibody (1:500 dilution; Phoenix Pharmaceuticals) and mouse anti-GnRH primary antibody (1:1000 dilution; Abcam) diluted in Dako Cytomation antibody diluent were incubated with 200 lg of synthetic goldfish nesfatin-1 (GenScript), which has been used previously in our studies [26] , and 200 lg of salmon (s) GnRH (Phoenix Pharmaceuticals), respectively, for 2 h at A cross-section of the goldfish brain at this region stained with nesfatin-1 mammalian antiserum revealed a large number of NUCB2/nesfatin-1-like ir cell bodies within the NAT (B). In the NAT, some perikarya were also immunopositive for GnRH (C). Some of these GnRH-immunopositive perikarya colocalized with NUCB2/nesfatin-1-like immunoreactivity (E). Arrowheads point to a representative cell colocalizing NUCB2/nesfatin-1-like and GnRH-like immunoreactivity. The nuclei of all stained cell bodies within the NAT were clearly labeled with the nuclear stain DAPI (D). No staining was observed in brain sections in which the primary antibody was preabsorbed with the synthetic sGnRH (ÀCON; E). Bar ¼ 50 lm.
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FIG. 2. NUCB2/Nesfatin-1-like and GnRH-like immunoreactivity in the NLTp of goldfish hypothalamus. A region shown in the white box in the crosssection of goldfish brain at the hypothalamus (A) is the focus of the remaining images. A cross-section of the goldfish brain at this region stained with nesfatin-1 mammalian antiserum revealed a large number of NUCB2/nesfatin-1 ir cell bodies within the NLTp region (B). In the NLTp, some perikarya were also immunopositive for GnRH (C). Some of the GnRH-immunopositive perikarya colocalized with NUCB2/nesfatin-1-like immunoreactivity (D). Arrowheads point to a representative cell colocalizing nesfatin-1-like and GnRH-like immunoreactivity. The nuclei of all stained cell bodies within the NLTp were clearly labeled with the nuclear stain DAPI (D). No staining was observed in brain sections in which the primary antibody was preabsorbed with the synthetic sGnRH (ÀCON; E). Bar ¼ 50 lm.
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room temperature followed by 24 h at 48C. The solution was centrifuged for 15 min at 16 000 3 g at 48C, and the supernatant was used for immunostaining in accordance with the protocol described earlier. These slides served as the preabsorption controls to test the specificity of the primary antibodies used in our studies.
Fluorescence immunolocalization of NUCB2/nesfatin-1-like ir in the pituitary and ovary. Pituitaries and ovaries from six adult goldfish and ovaries from six zebrafish were dissected under saline and immediately transferred to 4% paraformaldehyde for a 3-h incubation period at 48C. Subsequently, samples were gently washed in 70% ethanol, embedded in paraffin, and sectioned (thickness, 5 lm). Deparaffinization was conducted with xylene (three times for 10 min each time at 258C), and sections were rehydrated in a graded ethanol series. The sections were blocked for 10 min using the Protein Block, Serum-Free reagent before incubation with rabbit anti-nesfatin-1 primary antibody (1:500 dilution; Phoenix Pharmaceuticals) for 18 h at 48C. After incubation, slides were washed with 13 PBS (three times for 10 min each time, 258C) and incubated with goat anti-rabbit Texas Red IgG (1:1000 dilution; Vector Laboratories) secondary antibody for 1 h at room temperature. Lastly, slides were washed with 13 PBS (three times for 10 min each time at 258C) and mounted with Vectashield mounting medium containing DAPI (blue nuclear stain). Imaging and the analysis of representative sections were done as described in the previous section.
In vivo effects of nesfatin-1 on the expression of mRNAs encoding brain GnRH and pituitary LH and FSH and serum LH levels. Before the present study, all fish were acclimated to the aquarium conditions for 2 wk. Six groups (three control and three experimental), composed of five fish in each group, were sampled at 15, 30, or 60 min postinjection. Intraperitoneal injections were conducted as previously described [26] . We have previously reported that a single (i.p.) injection of synthetic goldfish nesfatin-1 at a dose of 50 ng/g body wt significantly inhibits food intake in goldfish [26] . For this reason, we used the same dose of synthetic goldfish nesfatin-1 for i.p. injections in the present study. Briefly, fish were anesthetized, weighed, and i.p. injected with 100 ll of fish physiological saline containing 50 ng/g of goldfish nesfatin-1, which was used in our previous studies [26, 29] , in the experimental fish or physiological saline in the control fish. After 15 min, five control and five experimental fish were anesthetized, bled by caudal puncture, euthanized, and dissected. Hypothalamus and pituitary tissues were removed and quickly flash-frozen under liquid nitrogen for total RNA extraction. Similarly, five control and five experimental fish were sampled at 30 and 60 min after injection. Injections were staggered to permit timely bleeding and dissection of animals. Blood samples were centrifuged at 7000 rpm for 9 min to collect serum. Serum samples were stored at À208C until radioimmunoassay for LH [30] .
Total RNA was extracted from goldfish forebrain (telencephalon and hypothalamus) and pituitary using the TRIzol RNA isolation reagent (Invitrogen). RNA purity was determined as described previously [26] . ]GnRH (sGnRH) [31] . Quantification was conducted using goldfish-specific primers for beta-actin, sGnRH, cGnRH-II, LH-b, and FSH-b (Table 1) . All primers were thoroughly tested and validated using temperature gradients and products run through agarose gel electrophoresis to confirm amplicon size. The PCR conditions, amplicon size, and primer authorship are shown in Table 1 . Briefly, all samples were quantified in triplicate using an iQ SYBR Green Supermix on a Chromo4 Multicolor Real-Time PCR Detection System (Bio-Rad). Thermocycling consisted of 40 cycles with a 958C denaturation step for 30 sec, an annealing step of 598C for 30 sec, and an extension step of 738C for 30 sec. Relative 
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NUCB2 mRNA expression was determined after normalization with b-actin from the same sample according to the Livak method. The expression of mRNAs in the nesfatin-1-treated fish was compared to that in saline-treated controls. After each reaction, a melt curve was conducted, which consisted of an increase from 558C to 958C at a rate of 18C every 30 sec with SYBR Green readings taken every 30 sec.
In vitro culture of zebrafish follicles. Female zebrafish were euthanized by spinal transection postanesthesia as described above, and full-grown ovaries were dissected from the fish and placed in a Petri dish with modified Cortland medium (MCM) [32] . Individual follicles were separated from ovaries from five to seven different fish using a transfer pipette, and follicles of 0.55-0.62 mm in diameter were chosen using a dissecting microscope for the in vitro assay. It has been shown that only follicles greater than 0.52 mm in diameter can mature in response to hormones [33] . Approximately 20 follicles were placed in individual wells of a 24-well plate in 1 ml of MCM. Treatment groups were supplemented with 10 ng/ml of goldfish nesfatin-1 [26, 29] and/or 100 ng/ ml of maturation-inducing hormone (MIH; 17,20b-dihydroxypregn-4-3-one; Sigma-Aldrich Canada). No hormone was added to control groups. The follicles were incubated in the medium at 278C. Maturation rate (number of follicles matured/total number of follicles per well) was scored at 24 h postincubation. Germinal vesicle breakdown is used as an indicator of oocyte maturation and can be visualized under a dissecting microscope as the ooplasm in the follicle goes from opaque to translucent [33] .
Statistics
All values are reported as the mean 6 SEM. Statistical analyses were performed using one-way ANOVA followed by Student-Newman-Keuls posthoc test. The level of significance was set at P , 0.05. 
RESULTS
NUCB2/Nesfatin-1-Like and GnRH-Like Immunoreactivity in the Hypothalamus
We found NUCB2/nesfatin-1-like immunoreactivity in the perikarya of brain cells in the nucleus anterior tuberis (NAT) (Fig. 1B) and the nucleus lateralis tuberis posterioris (NLTp) (Fig. 2B ) of goldfish hypothalamus. GnRH-like immunoreactivity was also found in the NAT (Fig. 1C) and NLTp (Fig. 2C) . NUCB2/nesfatin-1-like immunoreactivity colocalizes with GnRH-like immunoreactivity in the NAT (Fig. 1D) and NLTp (Fig. 2D ) of goldfish hypothalamus. No immunoreactivity was found in sections stained with primary antibodies preabsorbed with synthetic sGnRH (Figs. 1E and 2E) . Similarly, preincubation with goldfish synthetic nesfatin-1 abolished NUCB2/ nesfatin-1-like immunoreactivity in the brain of goldfish (Supplemental Fig. S1 , available online at www.biolreprod.org).
NUCB2/Nesfatin-1-Like Immunoreactivity in the Pituitary and Ovary
A cross-section of the goldfish pituitary stained with nesfatin-1 mammalian antiserum revealed a large number of 
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nesfatin-1-like ir cell bodies within the pituitary. A large number of these nesfatin-1-like ir cell bodies were found within the cellular areas of the rostral pars distalis (RPD) and pars intermedia (PI) (Fig. 3A) . In contrast, nesfatin-1-like immunoreactivity was absent in the more fibrous portion of the neurointermediate lobe (NIL) and the proximal pars distalis (PPD). All stained cell bodies within the pituitary were stained clearly with the nuclear stain DAPI (Fig. 3, B and C) . Nesfatin-1-like immunoreactivity was also detected in the follicle cells encircling the oocytes found within the cross-sections of ovaries collected from both goldfish (Fig. 4, B and D) and zebrafish (Fig. 5, B and D) . DAPI staining was found in all cell bodies exhibiting nesfatin-1-like immunoreactivity in the ovaries (Figs. 4, C and D, and 5, C and D) . No staining was observed in the pituitary and ovary sections in which the primary antibody was omitted (Figs. 3D, 4E , and 5E).
In Vivo Effects of Nesfatin-1 on the Expression of Brain GnRH and Pituitary LH-b and FSH-b Subunit mRNAs
Intraperitoneal injection of synthetic goldfish nesfatin-1 decreased sGnRH (Fig. 6A ) and cGnRH-II (Fig. 6B ) mRNA expression at 15 min postadministration by approximately 66% and 82%, respectively. This change was transient, because the expression of both GnRH mRNA types returned to normal levels within 30 min postinjection (Fig. 6, A and B) . Nesfatin-1 treatment also reduced LH-b (Fig. 6C) and FSH-b (Fig. 6D ) mRNA expression at 60 min postinjection by approximately 79% and 85%, respectively. However, no differences in LH-b (Fig.  6C) and FSH-b mRNA (Fig. 6D) were detected at 15 and 30 min.
Effects of Nesfatin-1 on LH Secretion In Vivo
Intraperitoneal injection of 50 ng/g body wt of nesfatin-1 significantly reduced serum LH levels (58.1% drop) at 60 min postinjection (Fig. 7A) . No difference in serum LH levels was detected at 15 and 30 min postinjection compared to the salinetreated controls.
Role of Nesfatin-1 on Germinal Vesicle Breakdown in Zebrafish Oocytes In Vitro
Approximately 25% of excised zebrafish follicles spontaneously undergo final maturation in vitro, as indicated by germinal vesicle breakdown (Fig. 7B) . Incubation of zebrafish follicles with nesfatin-1 resulted in a significant reduction in this basal rate of germinal vesicle breakdown (Fig. 7B) . MIH increased germinal vesicle breakdown, and this increase was attenuated in the presence of nesfatin-1 (Fig. 7B) .
DISCUSSION
Nesfatin-1 is a metabolic hormone known to regulate energy balance in rodents [14, 34] and fish [26, 29] . We recently found an abundance of NUCB2 mRNA and nesfatin-1-like ir cells within the hypothalamic regions that are known to regulate pituitary hormone secretion [26] . GnRH was also reported to be present in these regions of the goldfish hypothalamus [35] . This suggests a role for nesfatin-1 in the regulation of reproduction, by modulating the HPO axis in fish. It is well known that in teleosts, brain-derived GnRH is a major regulator of LH and FSH synthesis and secretion from the pituitary [36] . In the goldfish brain, the presence of two forms D) . Data are presented as the mean 6 SEM (n ¼ 6 fish/time point). Statistical significance was determined using a one-way ANOVA followed by Student-Newman-Keuls multiple-comparison test (*P , 0.05, **P , 0.01).
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of GnRH, sGnRH and cGnRH-II, has been confirmed. Both sGnRH and cGnRH-II are released from nerve terminals innervating the goldfish adenohypophysis, with cGnRH-II being more potent than sGnRH in stimulating LH secretion [37] . In the present study, we found both nesfatin-1-like and GnRH-like immunoreactivity colocalized in the NLTp and NAT, two hypothalamic nuclei implicated in pituitary hormone secretion in goldfish. This finding further suggests that nesfatin-1 modulates hypothalamic and pituitary hormones. This notion was further strengthened when a single i.p. injection of nesfatin-1 produced a significant and acute decrease in the expression of sGnRH and cGnRH-II mRNAs in the forebrain (including the hypothalamus) at 15 min postinjection. Levels of sGnRH and cGnRH-II mRNA expression returned to control values at 30 min postinjection. This reduction is suggestive of an inhibitory role for nesfatin-1 on the GnRH system in the goldfish forebrain, and it shows, to our knowledge for the first time, that nesfatin-1 colocalizes and influences these brain-derived hypophysiotropic hormones.
Immunohistochemical studies using a mammalian antiserum produced against nesfatin-1/NUCB2 showed that nesfatin-1-like immunoreactivity is abundant in the more cellular regions of the NIL (i.e., the PI equivalent). In addition, we found nesfatin-1-like ir cells in the RPD that produce the tropic hormones, adrenocorticotropic hormone (ACTH) [38] and prolactin [39] . The release of ACTH is directly mediated by the corticotropin-releasing hormone (CRH) [40] . Interestingly, the CRH receptor antagonist, astressin 2 -B, prevented nesfatin-1-induced inhibition of food intake in rats, suggesting that nesfatin-1-induced reduction of food intake involves the activation of hypothalamic CRH 2 receptors [20] . Furthermore, nesfatin-1 has been shown to stimulate CRH, noradrenalin, and serotonin neurons of the hypothalamus and brain stem regions under conditions of restraint stress in rats [41] . In fact, intracerebroventricular injections of nesfatin-1 in rats elevated cytosolic Ca 2þ concentrations in hypothalamic CRH ir neurons as well as increased ACTH and corticosterone levels in circulation [41] . In contrast, nesfatin-1-like staining was virtually absent in the PPD of goldfish, where gonadotrophs, somatotropes, and thyrotropes are present. Nonetheless, the abundant presence of pituitary suggests that nesfatin-1 may FIG. 7. Nesfatin-1 injection reduces serum LH levels in goldfish, and nesfatin-1 inhibits germinal vesicle breakdown in zebrafish oocytes in vitro. A) Serum LH levels were significantly lower (58.1% drop) at 60 min after a single i.p. injection of synthetic goldfish nesfatin-1 (50 ng/g body wt). Data are presented as the mean 6 SEM (n ¼ 6 fish/time point). Statistical significance was determined using a one-way ANOVA followed by Student-Newman-Keuls multiple-comparison test (*P , 0.05). Control, media; Nes, nesfatin-1; MIHþNes-1, combination of both MIH and nesfatin-1. B) Nesfatin-1 (10 ng/ml) inhibits basal and MIH-induced (10 ng/ml) germinal vesicle breakdown in zebrafish oocytes. Three experiments were performed, with three wells per treatment in each experiment. Data are presented as the mean 6 SEM. Significance was set at P . 0.05. $ indicates significant difference between the control and nesfatin-1 treated groups, * indicates significant difference between the control and MIH-treated groups, # indicates significant difference between the MIHtreated and MIHþNes-1 treated groups. 
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have endocrine, autocrine, and/or paracrine actions within the pituitary.
In support of an endocrine role for nesfatin-1 in pituitary cell functions, we observed a decrease in LH-b and FSH-b mRNA expression in the pituitary of goldfish injected with nesfatin-1 peripherally. The decrease in LH-b and FSH-b mRNA expression was detected after 30 min postinjection and remained significantly lower than control animals even after 60 min. These findings suggest that nesfatin-1 can lower gonadotropin synthesis in the pituitary in vivo. We also measured serum LH levels in the same fish and found a significant reduction in circulating LH levels 60 min after nesfatin-1 injection. The mechanism by which nesfatin-1 alters LH synthesis and secretion remains unclear, but it is possible that this effect occurs through the downregulation of GnRH and/or by a direct action in the pituitary. The ability of nesfatin-1 injection to reduce forebrain GnRH mRNA levels at a time point before a reduction in serum LH is not at variance with the former possibility. Interestingly, whereas nesfatin-1 has been shown to stimulate LH secretion in male rats [25] , our studies found that nesfatin-1 has an opposite effect in goldfish LH secretion. It could be possible that nesfatin-1 has speciesspecific effects on LH secretion. Further studies are required to determine the functions and mechanisms of action of nesfatin-1 in goldfish. A recent study [42] showed that nesfatin-1 exists within the rat testis, that the testicular expression of NUCB2 mRNA is modulated by LH, and that nesfatin-1 induces human chorionic gonadotropin-induced testosterone secretion from testicular explants. This study [42] clearly shows significant gonadal effects for nesfatin-1 in vertebrates.
We also found nesfatin-1-like immunoreactivity in the follicular cells, but not the oocytes, in both zebrafish and goldfish ovaries. Nesfatin-1 immunoreactivity was reported in the rat testis [42, 43] . Currently, it is not clear whether both theca and granulosa cells express nesfatin-1. However, the local presence of nesfatin-1 in the follicle cells suggests a possible local role for nesfatin-1 in ovarian physiology. Our findings that nesfatin-1 inhibits both basal and MIH-induced germinal vesicle breakdown in zebrafish oocytes strengthen this notion. Whether nesfatin-1 acts directly on the oocytes and/or acts on the follicles cells to modulate the oocyte maturation process remains to be determined. The presence of nesfatin-1 in the follicle cells also points toward a role for nesfatin-1 in modulating theca and granulosa cells, steroidogenesis, and gamete development. Several factors are known to modulate the functioning of female gonads in fish [44] [45] [46] . It is possible that nesfatin-1 influences one or more of these factors to regulate follicle development. Whether nesfatin-1 exerts similar effects in male gonads is an aspect worth exploring, but the present results, to our knowledge for the first time, show a direct role for nesfatin-1 in the ovarian physiology of a vertebrate.
In conclusion, the novel results of the present study highlight the importance of nesfatin-1 in the regulation of the HPO axis in fish. To our knowledge, the data presented here provide the first evidence for the expression of nesfatin-1 in the pituitary and ovary of fish. That nesfatin-1 attenuates GnRH, LH, and FSH mRNA levels as well as circulating LH concentrations and germinal vesicle breakdown points toward this suppressive tone of nesfatin-1 on fish reproductive axis (Fig. 8) . The present results, together with the previously reported anorexigenic effects of nesfatin-1, suggest that nesfatin-1 is possibly involved in the integration of reproduction and metabolism in fish. Nesfatin-1 could act as a molecular dam that prevents energy expenditure by suppressing the reproductive axis during metabolic challenges, including food deprivation. The present study provides several lines of new information regarding nesfatin-1 and reproduction in fish; it also opens the door to numerous unanswered questions about the actions of nesfatin-1. Future studies focusing on the tissue-and species-specific effects of nesfatin-1 in the regulation and integration of reproduction and metabolism in fish would be valuable in these regards.
